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CORRELATION OF SUPERSOKCC CONVECTIVE HEAT-TRAMSFER 

COEFFICIENTS FROM MEASUREMENTS OF THEl SKIN 

TEMPERATLTRF: OF A PARABOLIC BODY 

OF REVOLzfiION (NACA R"10) 
* 

BY b o  T. Ciauvin ana Carlos A. ddoraes  

Local  coefficients of convective  heat  transfer have been  evaluated 
from skin temperatures measured along  the body of an NACA research 
missile  designated  the RM-10. The general shape of the body was a 
parabola of revolution of fineness  ratio 12.2. 

Heat-transfer  data  are  presented.for a  &ch nun e r  range of 1.02 
t o  2.48 and f o r  a Reynolds number range of 3.18 X i o  t t o  163.85 X 106 
based on the  axial  distance from the  nose t o  the  point  at  which temper- 
ature measurements were made. 

. 
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Results from the  data  obtained are presented  as  the  product of 
Nusselts number and the -l/3 power of  Prandtl number against Reynolds 
number based on ax ia l   d i s tance   to   the   s ta t ion  where the  .measurements 
were  made.  The equation f o r  heat ' transfer  for a turbulent boundary layer 
on a f l a t   p l a t e  in subsonic flow ' ( N ~ ~ N p r ' l / 3  = 0.0296 Roo*) is shown 
t o  be in  good agreement with  the test resu l t s  when the  heat-transfer 
parameters are based on the  temperature  just  outside  the boundary layer. 

Basing the  correlation of he6t-transfer  parameters on air   propert ies  
calculated  at   the  wall  temperature gave resu l t s   tha t  agreed w e l l  with 
the  equation  for  convective  heat  trapsfer  for cones i n  a supersonic . 

f low NHuNB-1/3 = 0.034 Sa8. 

Heat-transfer  coefficients from the V-2 tes ts   correlated on a 
Nusselts, Frandtl, and Reynolds number relat ion gave values  that were 
approximately 15 percent lower than  the results obtained on the  R"10 
research  missile,  for  conditions where the parametera were based on the  
temperature just  outside the boundary layer, o r  on the  wall  temperature. 
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Values of'recovery  factor  &ere  obtained  for  the  stations  at which 
temperature measurements were made and a r e   i n  
values of recbvery  Tactors- fo r  a f l a t   p l a t e .  

INTRODUCTION 
. .  . .  

' 1  

Aeradynamic heating  in  supersonic  flight 

agrement- w i t h  theoretical  . 

has long been recognized . ". 

as a major- problem i n  the desi&  of  supersonic  aircraft, and experimental 
heat-transfer dat.a for  high Mach numbers  and  Reynqlds  numbers are in 
great demand. Except fo r  somework done on the  V-2, a l l  of  the con- 
vective  heat-transfer work has been done in wind tunnels  uti l izing 
steady-st-ate  conditlons; however, the  results  presented  herein  are  for 
the  transient  conditions  encountered  along  the  trajectory. 

- 

. .. 

A s '  the  problem -of aerodynamic heating is closely  related  with that 
af ekin-friction  drag,  investigations of these two  phenomena are  being 
carried  out  simultaneously by the Langley Pilotiess  Aircraft  Re.search. 
Divisi0n.m a part of an NACA program on supersonic  ~~erodynamic~. Models 
of a specific  .conpipration,  desigpated NACA RM-10, were flight-tested 
at the  Piloiless  Aircraft  -Research  Station  at Wallops rsland, Va. 

. .  
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Heat-transfer  coefficients  obtained from dat-ameasured on two  - 

RM-LO test  vehicles  are  presented  herein.  .The.transient  conditions 
encountered  during  the flight of a rocket-propelled,test  vehicle are 
particularly  suited  for  obtaining aerodynamic heating and heat-transfer 
data. -The skin  temperature measured along the body  by resistance 
type thermometers cemented to  the  inner  &face of the  skin, was  con- 
tinuously  telemetered  to 8 ground receiving  station  during  the  time of 
'flight. From these data the skin  temperature,  time rate- of change o f .  
skin tempeYature, 'adiabatic  wall  temperature, and convective  heat-transfer 
coefficient were determined. . . .  - . -  

The Mach  number range  covered in' these tests w a s .  approximately 1.0 

" 

. . .  

. .  

t o  2.5. The Reynolds number range, based. Qn free-stream  conditions 
and distance  along  the axis of the missile from the nose t o   t h e  .test . 

station, w a s  appraximately 3.18 X 106 t o  163-.85 X 106. 

M Mach  number 

v velocity, feet per second 

h, ~ local  effe,ctive_  convective  heat-transfer  coefficient, 
3tu  per. second, square  foot,. O F  

" 
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t time, seconds from start of fllght 
L .  

cP specific  heat of  a i r ,  Btu per slug per ?F 

P density of air, slugs  per  cubic  foot 

k thermal conductivity of a i r ,  B t u  per second, square  foot, 
OF per  foot 

7 thickness, feet 

P viscosity of a i r ,  slugs per  foot-seconds 

2 distance from the nose along the axis of the  body, fee t  

T temperature, OF 

NNu Nusselt number, dimensionless (&2/k) 

Npl. Prandt l  number, dimensionless ( Cpp/k) 

R Reynolds number, dimensionless (pVZ/w) 

RF recovery  factor 

Q quantity of  heat, Btu 

A area,  square feet 

c, specific  heat  of wall, B t u  per pound per OF 

7w specific w e i g h t  of wall, pounds per  cubic  foot 

Subscripts: 

0 undisturbed free stream  ahead of model . 

V just  outside boundary layer 

6 isentropic  stagnation 

aw adiabatic wall 

W conditions of material per ta ining  to  wall 
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TEST. VEHICIXS 

The generaLciifiguration and body equation of the R"l0 are shown 
in  f igure 1. Figure 2 is a photograph  of the test vehicle on the  launcher. 
The bodies were basically  parabolas  of  revohtion  having a maximum 
diameter of 12 inches and a finene-ss. r a t i o  of .  15; however, the  s tern was 
cut  off :at 81.3 percent of fill length  to allow f o r  tbe installation  of 
the  rocket motor. This resul ted  in  an qctual  fineness  ratio of 12.2. 
Four untapered  stabilizing -fins were equally spaced around the afterbody. 
They were swept  back 60' w i t h  a total   aspect   ra t io  of 2.04 and had a 
10-percent-thick  circular-arc cross section normal to  the  leading edge. . 
The design was chosen t o   a t t a i n  a high  degree.o.f-stability which insured 
t es t ing  at zero angle of attack. 

. .  

The R"10 test  vehicles w e r e  designed for  heat-transfer  investi- 
gations  covering  large Mach number and Reynolds m e r  ranges. A minimum 
of in te rna l   s t r tk ture  was accomplished by internally  pressurizing  the , 

models. Figure 3 shows the  internal  . .  construction of the models. . .. 

The test vehicles were 'all metal in  construction,  uti l izing spun 
magnesium alloy skins and cast magnesium  alJ.oy tail sections to which 
the f in s  were welded. The skin  thickness used fqr each s ta t ion i s  . 

tabulated  in- table I. All 'of  the  surfaces were  smooth and highly  polished 
a t  the time of flight. ._ .. . . .  . .. . . . . - 

. , - .I_ .. . 

Both models  were propelled by a 6.25-inch ABL Deacon rocket motor 
carried-internally.  These motors are  designated 3..gES 5700, 2&A3 and 
are  described i n  reference 1. The case of-the  rocket motor has a tem- 
perature rise of 500 F; t h i s  was ngt   suf f ic ien t   to   a f fec t the  accuracy 
of the tests. This =,all rise i n  temperature is  due. t o   t he   i n t e rna l  
burning of a Deacon rocket motor; tht is, the  burning 6%-s in   the  
center and  works outward towards the  case so that the powder  and the 
inhibitor  act  as insulators between the flame and the  rocket  case. ' 

. .  e .  

- .  , 

INSTRUMEIV?'ATION h D  TESTS ' . 

. " " "  . <  - - 

Skin  temperatures were  measured  by means of resistance-type 
thermometers cemented to the  inner  surface of  the skin. These ther- 
mometers were made of  fine  platinum  wire .0,0002 inch i n  diameter.  Refer- 
ence 2 describes  the thermometers more completely. 

- Thermometers weye located  at   stations 8.9, 17.8, 36.3,  49.9, 86.1, 
and 123.5 on one test  vehicle ( m p d e l  A )  and a t  stat-lons 14.3, 18.3, 
and 85.3 on the other test vehicle (model B) . Reference 2 shows that 
these thermometers had a tlme lag of 3 milliseconds,  corresponding - 

., . . I  

to 
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a maximum temperature error  of 0.3O F for  the  test   conditions where the  
heat  transfer  is   the  greatest .   This  error was considered t o  be negli- 
gible comared t o   t h e  3.2' F error due t o  the  thickness of the  skin. 
Continuous temperature  readings were telemetered to ground receiving 
stat ions. 

L 

The models  were launched from a zero-length  launcher a$ an elevation 
angle of 55'. Data were obtained  during  the  decelerating  portion of the 
fl ight  trajectory.   Trajectory and atmospheric data were obtained from 
the NACA modified sc~-58& radar  theodolite and by radiosonde  observations. 
The time history of the   f l ight   veloci ty  was obtained from the continuous- 
wave Doppler theodolite radar unit  (as  described  in  reference 3) .  Thermo- 
dynamic properties of t h e   a i r  shown i n  figure 4 were obtained from refer-  
ence 4. The specific  heat of the magnesium w a l l  presented in   f igure  5 
was obtained from reference 5.  

Time his tor ies  of  the measured skin temperature  presented in fig- 
ure 6 were obtained'as.the  vehicles  coasted from a Mach  number of approxi- 
mately 2.5 t o  1.0. A t  the time of rocket motor burnout, which was' 
approximately 3.2  seconds a f te r   the  start of fl ight,   the  test   vehicles 
were a t   t h e i r  maximum velocity and Mach number. No skin  temperature 
measurements were obtained  throughout t h e   i n i t i a l  3.2 seconds, the  period 
of powered fl ight,   during which time  the  telemeter  signal was unsatis- 
factory.  Properties of t h e   a i r  i n  the undiaturbed f r ee  stream ahead of 
the models and Mach  number l o r  models A and 3 are shown in figure 7 
plotted  against time. Reynolds number per  foot, based on free-stream 
conditions, is shown i n  figure 8 plotted  against Mach mmiber.  The 
difference o f  Reynolds number between the two models i s  attr ibuted t o  
difference in atmospheric  conditions and performance of the  rocket motors. 

. 

.. 

The transient  conditions  encountered  during  the flight of the  rocket- 
powered test  vehicle  result  in  the  skin  being  heated by the boundary layer 
during  the first part of the   f l igh t  and cooled by the boundary layer  during 
the   1a t te r .par t  of the   f l ight .  Thus, the  skin  temperature  increases  during 
the  heating  period,  passes  through a maximum,  and decreases  during  the 
remainder of the   f l igh t .  

Considering  radiation and conduction  as  negligible,  the  heat l o s t  
by the boundam layer is equal t o  the  heat absorbed by the  skin of the 
model.  The time r a t e  of heat exchange between the boundary layer and 
the  skin ,is 

s 

a at = he%(', - ~ w )  (1) 
a - 

. . ._- 



and the time . ra te  of change of the  heat  contained  in  the skin i s  - 
. .  . .  

. .  

- *  , .  . . . ." . . .  . " .- . Z" & 

Equating  equations (1) and ( 2 )  and solving  Tor the effective  heat-transfer 
coeff ic ient   resul ts   in  

The properties  ofthe.wall.materia1 are known and the rate .of change of 
w a l l  temperature i s  the slope of the measured time history of the  skin 
temperature. To obtain  the  teqerature  difference (Taw - Tw) it i s  - f i r s t  
necessary  to.  define  the  recovery  factor. . -  

" 

.. - 
RF,COvERY FACTOR 

d 

Recovery factor  defined  here has been discussed i n  references 6 
and 7 and is br ief ly  defined as  the  fraction of stagnation  temperature 
rise, above the temperature just.m$side the  boundary layer,  attained by 
an insulated  wall. As the  stagnation  temperature is constant throughout 
the flow, the recovery factor may be writ ten  as 

" 

~ .. . . 

. . .  

RF Taw - Tv 
Tso - Tv . .  

In the absence of radiation and conduction a t   the  peak of the  skin- 
temperature  curve, no heat i s  being  transferred and the  skin  temperature 
and adiabatic  wall  temperature  coiacide. It- i s  from this point that the 
recovery factor i s  determined. Trajectory and radiosonde data yield  the 
free-stream  static .and stagnation  temperatures. The temperature  outside 
the boundary layer i s  obtained from the free-stream  static  temperakre 
by correcting  for the local pressure on the body. 

. .  

Assuming t h i s  recovery fac tor   to  be constant  during  the  decelemting 
portion o f  the  flight-,  equation (4)  pay be re-solved to   y ie ld   the  time I 

history of the  adiabatic-  wall  temperature . 
. .. - 

= Tv + RF(Tso - Tv) 
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This adiabatic  wall  temperature i s  the  temperature that the skin - would  have throughout the test range i f  it had-no  heat  capacity. 

The error  introduced  in  evaluating  the  local  convective  heat-transfer 
coefficients i s  caused ei ther  by inaccurate measurement of the data o r  
by the  asiumptions made in the  analysis .   Lis ted  in- table   I I ,are   the 
maximum values  expected of these  errors. As the maximums do not  occur 
a t   the  same tlme,  these  errors combine t o  give  a  probable maximum error  
i n  evaluating  convective  heat-transfer  coefficients of 6 percent  for 
the time  during which the  data were used. 

During the time o f  f l lght ,   as   the skin temperature approaches, i t s  
peak, the  rate of  change of  skin  temperature  approaches  zero,  as  does 
the  temperature  difference (Taw - G). Thus,  he  becomes indeterminate. 
As the   ra te  of change of skin temperature and the  temperature  difference 

increasing  error  in he, and the   sca t te r   in   the  curve of  h, against 
time becomes large  (as  can be  seen in f ig .  9). TheMfore, only the  
data on the smooth portion of the curve where the  probable maxirmun error  
was writ ten k6 percent were used. 

' (Taw - Tw) approach zero, any error  in  either  quantity causes an 

r 

.. 

It can  be noticed from figures 12 and 13 that   the   scat ter  between 
results  obtained from similar  stations on two different models i s  3 per- 
cent, o r  the  scat ter  o f  *l- percent from the mean values. It therefore 

appears that   the   actual   errors   are   substant ia l ly   less   than  the m a x i m u m  
shown  by the  preceding  analysis. 

1 
2 

Recovery factors sham in  f igure 10 were obtained for a l l  the test 
stations on  models A and B. Stations 8.9 on model A and 18.3 on' model B 
had recovery factors of 0.835, while s ta t ion lh,3 of model B had a 
recovery factor  of 0.841. These agree  well w i t h  the  recovery  factor 
of 0.846 predicted by the theory of reference 6 (RF = NP,'/~) f o r  lamirmr 
boundary layers. Recovery factors  obtained f o r  the  other  test   stations 
agree  with the value of 0.894 predicted by theory in reference 8 

recovery  factors,  the thermodynamic properties of a i r   in   the   Prandt l  num- 
ber were based on the temperature just outside  the boundary layer. 

u (ELF = Np,.1/3) f o r  turbulent boundary layers. To evaluate  these  theoretical 

.8 
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Although the.recovery  factors  obtained  at three of the  stations  agree 
w i t h  t he  .theoretTzal  vaiue  for a lamin& boundary layer,  only  station 8.9 
on model A has  a.Reynolds number raqge tha t  is l ike ly  to.accompany a 
laminar boundary layer. A l l  o f  the  heat-transfer  coefficients were of-the 
same order of magnitude aizd w e r e -  of "a magnitude expected fo r  a turbulent 
boundary layer. This suggests that these three stations were i n  a transi- 
tion  region where it may have been possible  to  obtain  laminar  recovery 
factors Fn conjunction  with  turbulent  heat. transfer. This view i s  sup- 
po-rted  by m e r ' s  tests on cones, a t  b'ch numbers f rom' l .2   to  3.1 (refer-  
ence 9 ) ,  i n  which the  heat-transfer  data  indicated that transi t ion occur- 
red on the cones,  but the measured recovery  factors  along  the cones were 
equal to  the  values  .predicted by the  'theory  for  laminar f low.  

adi 
=3 

Time histories .f the measured skin  temperatures and the  calculated 
.abatic.  wall  temperatures are shown in   f igure 11 for   s ta t ions 8.9 and. 
.5 of model A.  . The skin-temperature curves show the var ia t ion  in   the 

magnitude ad time o f  occurrence.of the maximum skin  temperature measured 
a t  the extreme test-stations on the body; that is, a meximum skin temper- 
ature o f  398O F a t  5.35'seconds  for.  station 8,9 and a maximum skin temper- 
ature of an0 F a t  7.9k seconds for   s ta t ion 123.5, The greater   ra te  of 
heat  transfer and thinner  skin at the forward station-  causes  the  skin 
temperature there t o  rise fas te r  and reach-a  higher peak than  a t   the  af t  
station, even though the  adiabatic  wall temperature a t   t he  forward. atation 
is  less than that a t   the   a f t   s ta t ion .  During the  cooling  part of  the 
f l igh t ,  when the  adiabat ic   wal l  temperature l e  lower than  the skin temper- 
ature at a given  station;  the  greater  rate of heat  transfer and thinner 
skin a t   s t a t ion  8.9 result-a, in tlie skin.coaiing  faster  there  than  at  
station. 123.5. .. 

The heat-transfer data obtained  -in the present test are  presented 
i n  figure 12. i n  terms of. Nusselts, Prandt-1, an& Reynolds numbers.  The 
temperature  used to  evaluate  the-  viscosity,  conductivity,  density, 
velocity, and specific heat--of the a i r  i n  the aforementioned  parameters 
is the  temperature  just  outside of  the boundary layer Tv. The f low con- 
ditions  just  outside-the boundary layer were determined by  correcting 
the free-stream conditions for the theoretical  pressure  .distribution, 
which was obtained from re'ference.10. (Although theoretical,  the  pres-. 
sure distributions  thus obta-ined have been substantiated by the wind- 
tunnel test. of - reference 11. .) 

It can be seen from figure 12 that the  heat- tknsfer  parameter, 
&Npr-1/3, is primarily a function of Reynolds number. rather  than body 
statllon;  that is, results obtainebat   dif ferent  body stations were the 
same where the ReynoliZe  nunibers were equal. Although it i s  expcted  .that 
the body contour w & X  have. some effect  on the  heat  transfer,  there w a s  no 
apparent effect  on the high-fineness-ratio b-ody used f o r  this investigation. 

It would be more bonvenient i n  reducing  the  heat=transfer  data  for 
engineering purposes t o  base  the  heat-transf'er  parameters,  Nusselts, 
P.randt1, and Reynolds numbers, on con?litions of the air '  i n  the undisturbed 



f ree  stream ahead of the model. The results  thus  obtained  are shown i n  
figure 13. T h i s  correlation  agrees  well w i t h  the  correlation based on 
local  conditions,  probably because the free-stream  conditions  are  not / 
very  different from local  conditions  for this high-fineness-ratio body. 

” 

The equation f o r  thermal conductance f o r  turbulent f l o w  ove r ’a   f l a t  
plate  at   suisonic speeds i s  given a s  NxU = O.O296%0*8Np,1/3 i n  refer-’ 
ence 12. This equation results from f r i c t iona l  drag measurements on a 
f l a t   p h t e   i n   p a r a n e l   t u r b u l e n t  f l o w  as  correlated by Colburn ( re fer -  
ence 13) using  a momentum heat-transfer analogy. The dashed line shown 
in figures 12 and 13 represents  the  preceding  equation. This line 
falls remarkably close t o  the  test  data  obtained on the  parabolic body .- 
of revolution  at  supersonic speeds and i s  in agreement with  the test 
resul ts   correlated  e i ther  on flow conditions  just  outside  the boundary 
layer o r  on free-stream  conditions. m l e  the agreement i s  be t t e r   a t   t he  
higher Reynolds  nwiber, t h i s  equation  could be used to  evaluate  the  heat- 
transfer  coefficient  with  fair  accuracy  over  the  entire range of Reynolds 
numbers  shown. 

Investigations  similar t o  those  described i n  this paper were con- 
ducted on two V-2 research  missiles. Figure 4 of reference 14 shows the  
resul ts  from the   heat- t ransfer   tes ts  on the V-2 research  missiles compared. 
with  Eber’s  correlation  (reference g)? that is, as a  plot of Nusbelts 
number against Reynolds number. The thermal  conductivity and viscosity 
of the air were based on the adiabatic  wall  temperature and the  density 
and velocity on conditions  just  outside the boundary layer. These resu l t s  
are reproduced i n  figure 14. The l ine   fa i red  through the points i s  
40 percent above t h e   m e r   l i n e .  For further comparison the R”10 heat- 
transfer  data,  based on the same flow properties, &e also shown. A 
l ine   fa i red  through the R”10 t e s t   r e s u l t s  i s  approximately 60 percent 
above Eber o r  20 percent above the V-2 l ine .  

Results from the V-2 tests shown in   f igure 14 are expressed in   f i g -  
ure 15 as NNuNpr-1/3 plotted  against Reynolds number based on conditions 

, of the air just  outside  the boundary layer. Reference 14 s ta tes  that 
the  decrease a t  lower  Reynolds number in   the  points  M and K f o r  the  
V-2 No. 27 and f o r  the  point of V-2 No. 19 i s  at t r ibuted t o  p a r t i a l  
t ransi t ion.  Neglecting  these  points a t ‘ t h e  low Reynolds number, the 
V-2 heat-transfer  data  are  approximately 15 percent lower than  the 
R”10 data  represented by the  sol id  curve. The correlation 
NNuNpr-l /3  = 0.0296 R0.8 is shown as  a dashed l i n e  and f a l l s  approxi- 
mately 20 percent  higher  than  the V-2 points. 

In figure 16, the  heat-transfer  parameters N ~ ~ N p r - l / 3  from the 
“10 data  are  plotted  against Reynolds number.  The thermal  conductivity, 

ature, and the density is based on conditions  just  outside  the boundary 
layer. For t h i s  temperature  basis, somewhat greater  scatter can  be seen ‘ 

a viscosity, and specific  heat of a i r   a r e  based on adiabatic  wall temper- 

I 
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' in the test  points. .:.The faired l ine  through  the tes t   points  falls 
approximately 20 percent lower than the flat-plate  correlation 
NpruNpr- l /3  = 0.0296 N.8. . .  

. . . . - -- . .  " 

The V-2- data &e expressed t o  the same basis .as in  f igure 16 and 
are shown i n  figure 17. For caparison,  the R"10 fa i red curve and the 
f la t -plate   correlat im N ~ ~ N p r - 1 / 3  = 0.0296 Ro.8 are   a lso shown i n  tb$s 
figure. The v-2 points -.fall roughly about "13 percent lower than the 
R"10 faired curve aiid approxbbely  35 percent- lower than  the  flat-piate 
equation. . .  .. . . . .. . .- . 

. .  

, . . . . - . . - - . " - . . .  . .  

Heat-transfer parameters N N ~ N B - ~ / ~  for   the RM-10 data are p lo t t ed  
( f ig .  18) against Reynolds number. The thermal  conductivity,  viscosity, 
and. density of t he   a i r   a r e  based on the  wall  temperature. The  solid 
l ine   in   the   f igure  i s  . . . the  . . fa i red . . curve of the   R" l0~poin ts .  Refer- 
a c e  15 gives & th&y  for   hea t   t ransfer -  on cones i n  a supersonic ". 

turbulent boundary layer ( N ~ ~ M p r - ~ / 3  .= 0.034 Roe 8, and i s  approxi- 
mately 7 percent lower t.han the curve line  regresenting  the R " l 0  points. 
The flat-plate  equation. 1 q ~ ~ ~ ~ - 1 / 3  = 0.0296'~0.8 is  shown in   the   f ig -  
ure as a dashed l i ne  and IS approxlmately 20 percent-lower  than the 
RM-10 faired curve. 

In  figure 19, the V-2 heat-transfer pmgneters are plotted  against- 
Reynolds number.  The thermal conductivity,  viscosity, and density are 
based on w a l l  temperature.  Disregarding  again fo r  ,low Reynolds number 
the  points . K and E4 and V-2 No. 19 *shows the V-2 heat-transfer  data  to 
be roughly 1.5 percent lower than the R"10. fa i red c b e  reproduced from 
figure 18. A line  representing the cone theory ( N N ~ N ~ - ' / ~  = 0.034 RoS8) 
fal ls  approximately 8 percent above the V-2 data. The f la t -p la te  
correlation M N ~ N ~ - ~ / ~  = 0.0296 Roo i s  shown by a dashed l i ne  approxi- 
mately 6 percent lower than  the V-2 points. 

I 

" 

.. . . 
. .. . 

. 

The agreement between t h e  same approximate stations on models A 
and B is w e l l  within  the  estimated  accuracy. Froin the  various methods 
of-correlation it appears that by basing the properties af the air on 
the temperature  Justroutside  the boundary and on w a l l  temperature gave 
resu l t s  that were approximately 15 percent- above the V-2 heat-transfer 
data and also agreed w e l l  with  the  referenced  equations. 

CONCLUSIONS 

Supersonic  convective  heat  transfer  has been measured i n  flight on 
p. parabolic body ohevo lu t ion .  The Mach numbers covered by the t e a t s  

.. . . . 

-. 
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were from 1.02 t o  2.48 and the Reynolds  numbers  were from 3.18 X 10 G 
t o  163.85 X 10 based on. the axial distance .from the nose t o  the s ta t ions 
where the  skin-temperature measurements were made. 

- 6 

Results of the test indicate  that:  

1. Heat-transfer  parameters from the  R”10 data when correlated on a 
Nusselts,  Prandtl,  and Reynolds number relation, based on conditions just 
outside  the bounaary layer; showed that the  equation  for  convective  heat 
t ransfer  on a f la t  plate  i n  a  subsonic  flow (N~~Npr-~/3 = 0.0296 ROO8) 
was i n  good  agre-ement with  the test  resul ts ,  and the   resu l t s  from the 
V-2 t e s t s  were approximately 15’ percent lower than-the R”10 data. 

2. Correlation of the  heat-transfer  parameters  for  the RM-10 on wall 
temperature sho-d that the  equation  for cones f o r  convective  heat  transfer 
i n  a supersonic  turbulent boundary layer (NNuNpr-1/3 = 0.034 R 0.8) was in 
good agreement with  the  test  results and the  resul ts  from the V-2 tests 
were approximately 15 percent lower than  the .R”10 data. 

1 

3. The RM-10 heat-transfer  data  are  approximately 60 percent  higher ’ 

than Eber’s  empirical  equation. 

4. Good agreement was obtained in the heat-transfer  coefficients 
between models A and B and the  scat ter  i s  within  the  esthnated  accuracy 
of &6 percent. 

5 .  Recovery factors measured along  the body age in agreement with 
the  flat-plate  theory. 

6. No evidence  of  boundary-layer t ransi t ion was apparent i n  the 
heat-transfer data. 

Langley Aeronautical  Labor-atory 
National Advisory Committee fo r  Aeronautics 

Langley Field, Va.  
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Model Station Skin thickness 
(1) f in .  1 

B 

'Station number denotes axial  -iiE&i7 
distance from nose measured i n  inches. 

Sources  of error  

A possible  error i n  measured 
skin  temperatures of 
k2 percent  of maximum .skin 
temperature at that-station 

Summation  of temperature. lag 
through  the  skin and of  the 
thermometer 

Possible f2 percent  error i n  
skin t.hickness 

Weglected heat flows i n  making 
heat  balances 

Maximum e r ro r   i n  
convective heat- 

transfer  coefficient 
(percent ) 
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r Ci rcu la r -   a rc  p r o f i l e  , 
t h i c k n e s s   r a t i o = 0 . 1 0  

/ *  

S to 
2 0 ,  

I ’ .  

Body profile equation 

S t o  

146.5 
Y.3.636 

Y =  6.000- .0007407 X 2  

S t a t i o n  number  d e n o t e s  axial  d i s t a n c e  from nose i n  Inches. 

Figure 1.- General c d i - g u r a t i o n  and body equation of the NACA “10. 
Dimensions are in inches. 
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Figure 3.- Internal construction of t h e  NACA "10. 
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Figure 4.- Thermodynamic properties of air .  
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Temperature, O F  

. Figure 5.- Specific heat of magnesium. 
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(a) Model A. 

Figure 6.- Skln-temperature time history. ' 
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(a) Concluded. 

Figure 6 . -  Continued. W 
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Figure 6.- Concluded. 
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(a) Model A. 

Figure 7.- Free-stream parameters. 
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. (b) Model B. 

Figure 7.- Concluded. 
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Figure 8. - Reynolds nuinber per . f o o t  (based on the condition of the  sir 
in the undisturbed free stream &head of the  model). 
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Figure 9.- T y p i c a l  variation of heat-transfer  coefficient  with time. 

. . . . . . . . . . . . . .. . . . . . . . . 



. .  

Figure 10.- Recovery factors obtained at the t e s t  stations on the vehicle. 
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Figure ll.- .Typical time histories of skin temperature and adiabatic 
wall temperature. 
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Figure 12.- .Correla.kion-.of heat-transfer ,data (based on temperature 
outside the boundary lay&iJ- with ColbGn's turbulent  f lat-plate 
formula. 
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Figure 13.- Correlation of heat-transfer  data  (based on free-stream 
temperature)  with Colburn's turbulent   f la t -plate  formula. 
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Flgur,e 15.- Correlation o f  NACAiRM-10 and V-2 heat-transfer data. 
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Figure 16.- Correlatioi of M k A  R"10 heat-transfer data (based on 
daba'cic w a l l  temperature). with flat-plate formula; 
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Figure 17.- Correlation of HACA l"10 heat-transfer data (based on 
adiabatic w a l l  temperature) w i t h  V-2 and flat-plate formula. 
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Figure 18. - Correlation of W A  FM-10 heat-transfer aata (basea on wall 
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temperature) v i a  turbulent flat-plate and cone forrmilas. ' , I 
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Figure 19.- Comparison of NACA F"l0 and V-2 heat-transfer data with 
turbulent  flat-plate and cone formulas. 
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